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Abstract 
While adopting an elevation-over-azimuth architecture by an inter-satellite linkage antenna of a user satellite, a zenith pass prob-
lem always occurs when the antenna is tracing the tracking and data relay satellite (TDRS). This paper deals with this problem by way of, 
firstly, introducing movement laws of the inter-satellite linkage to predict the movement of the user satellite antenna followed by ana-
lyzing the potential pass moment and the actual one of the zenith pass in detail. A number of specific orbit altitudes for the user satellite 
that can remove the blindness zone are obtained. Finally, on the base of the predicted results from the movement laws of the in-
ter-satellite linkage, the zenith pass tracing strategies for the user satellite antenna are designed under the program guidance using a tra-
jectory preprocessor. Simulations have confirmed the reasonability and feasibility of the strategies in dealing with the zenith pass prob-
lem.  
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1 Introduction1 
Antennas of the elevation-over-azimuth type 
are always subject to there being a zenith pass 
problem[1-3], which means that when the elevation 
approaches 90°, the demand for azimuth velocity 
becomes very large and because of the limitation 
imposed on the velocity of servo mechanisms of a 
real antenna, the antenna will be incapable of trac-
ing the target. 
To tackle this problem, two methods are usu-
ally adopted: mechanical tilting and program guid-
ance. The former[4] is to locate a tilting mechanism 
below the standard elevation-over-azimuth pedestal. 
It realizes stable tracking in the zenith pass course 
by changing the hardware structure of the antenna, 
but it is too expensive and might exert negative  
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influence on the pointing accuracy of the antenna. 
The latter[5-6] only needs to change the software pro-
gram of the antenna’s controller with no need for 
altering its hardware structure hence lowering the 
cost. 
Mounted on the user satellite of the tracking 
and data relay satellite (TDRS), an inter-satellite 
linkage antenna, a load antenna, serves to point, 
acquire and track TDRS and usually uses the eleva-
tion-over-azimuth architecture characterized by 
compactness in structure. A reasonable pointing ac-
curacy demands a very high yet small allowable 
velocity of its servo mechanisms to reduce the in-
fluences of its movement on the satellite, which 
poses a very severe zenith pass problem to the in-
ter-satellite linkage antenna. 
The relative space relationship between the 
user satellite and the TDRS complicates efforts to 
analyze the zenith pass problem of the user satellite 
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antenna. This is the reason why the researches con-
cerning the zenith pass problem of the inter-satellite 
linkage antenna are so far not well-documented. 
This paper will discuss this problem and describe a 
strategy to deal with it using the program guidance 
method.
 
2 Movement Laws of Inter-satellite Linkage 
The laws governing the TDRS to track the user 
satellite are called movement laws of the in-
ter-satellite linkage, which involve the rotating laws 
of the azimuth axis and elevation axis of the user 
satellite antenna for tracing TDRS[7]. 
TDRS is moving in a geosynchronous orbit 
with a radius, R, equal to 42 164 km. MΩ is the an-
gle between the vernal equinox and the TDRS. The 
user satellite is moving in an elliptic orbit mode- 
rately close to the Earth at an average altitude of 
approximately 200-1 200 km. Let the orbit parame-
ters be: a, e, Ω, w, i, f. At the beginning moment, the 
user satellite antenna points to the positive direction 
of y-axis of the satellite body fixed frame, while the 
azimuth axis which is parallel to and points to the 
negative direction of its z-axis. The elevation axis is 
parallel to and points to the negative direction of the 
x-axis of the satellite body fixed frame (for detailed 
definitions see Ref.[7]). Then is obtained 
2(1 )
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where r represents the distance from the user satel-
lite to the Earth’s core. 
Suppose the position vector from the user sat-
ellite to TDRS is represented by d, which is defined 
in the body fixed frame of the user satellite antenna. 
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where u f w+＝  and Mβ Ω Ω−＝ . 
If ϕ1 is used to represent the expected angle of 
the user satellite antenna revolving around the azi-
muth axis and ϕ2 its expected angle revolving 
around the elevation axis. Then  
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By differentiating the above equations with 
respect to t, the angular velocities are 
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where xυ , yυ and zυ  are the time derivatives of xd , 
yd  and zd  respectively. 
3 Potential Zenith Pass Moment 
When the elevation of the user satellite antenna 
approaches 90°, the demand on azimuth velocity 
becomes very large, but because of the limitation 
imposed on the velocity of servo mechanisms of the 
real antenna, the antenna will be incapable of trac-
ing TDRS. Then a blindness zone will form around 
about the elevation of 90°. The moment is called the 
zenith pass moment when the elevation approaches 
90°, and the azimuth velocity becomes infinite. The 
zenith pass moment appears when the user satellite 
lies on the orbit node, and TDRS just arrives at the 
point of intersection of the extended node line with 
the TDRS orbit (see Fig.1). 
In Fig.1, Pnd1 and Pnd2 are the orbit nodes, Pq1 
and Pq2 are the points of intersection of the extended 
dy ≥ 0, 
dy < 0, 
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node line with the TDRS orbit. When TDRS arrives 
at the point Pq1 or Pq2, the zenith pass problem is 
likely to appear. The moment when TDRS arrives at 
the point Pq1 or Pq2 is called the potential zenith 
pass moment. Thus, 
M 1180nΩ Ω= −              (7) 
 
Fig.1  Sketch map for the zenith pass. 
where MΩ  approximately equals 360.985 6 (°)/d, is 
the derivative of MΩ , n1 the serial number of the 
potential zenith pass moment. This paper assumes 
the user satellite in an sun synchronous orbit. When 
the inclination is greater than 90°, Ω  is equal to 
0.985 6 (°)/d, where (°)/d represents the variation 
radio of degree to a day. M0Ω  and 0Ω  are the val-
ues of MΩ and Ω at t0 and M0Ω ≥ 0°, 0Ω < 360°. 
According to Eq.(7), can be obtained  
M0 0
1 43 200 180
tn
Ω Ω−= +           (8) 
From Eq.(8) some conclusions can be drawn as 
follows: When M0 0Ω Ω− = –180°, 0° or 180°, three 
potential zenith pass moments may appear in one 
day with the beginning moment being the 1st poten-
tial zenith pass moment, while under other condi-
tions, there are only two. If –360° M0 0Ω Ω< − ≤  
–180° and 1 1,0,1,n = − " , the 1st potential zenith 
pass moment appears when TDRS arrives at Pq1. If 
–180° M0 0Ω Ω< − ≤ 0° and 1 0,1, 2,n = " , it occurs 
when TDRS at Pq2. If 0° M0 0Ω Ω< − ≤ 180° and 
1 1,2,3,n = " , it takes place when TDRS at Pq1. Fi-
nally if 180° M0 0Ω Ω< − < 360° and 1 2,3,4,n = " , 
it appears when TDRS at Pq2. 
According to Eq.(7), the potential zenith pass 
moment is calculated by 
1qn 0 M0 1240( 180 )t nΩ Ω= − +        (9) 
Eq.(9) shows that 
1qnt  obeys an arithmetical pro-
gression with a tolerance of 0.5 d, which means the 
potential zenith pass moment appears once every 
half day. 
At the potential zenith pass moment, Eq.(4) 
and Eq.(6) can be expressed as  
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Let the potential zenith pass moment be the 
zenith pass moment, can be obtained 
1 2180 360u n n= +          (12) 
where n2 is an integer. Eq.(12) can be expressed as 
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where u0 is the value of u at t0 and 0° ≤ u0 < 
360°, ω the angular orbit velocity of the user satel-
lite. Whether a potential zenith pass moment is a 
zenith pass moment depends upon whether n2 is an 
integer. 
At the zenith pass moment, Eq.(4) and Eq.(6) 
can be expressed as  
1 20 , 90ϕ ϕ= =D D           (14) 
1ϕ = ∞               (15) 
4 Some Special Orbits for User Satellite 
At the potential zenith pass moment, can be 
obtained 
1qn 0 0 M0 1240 ( ) 43 200u u nω Ω Ω ω= + − +   (16) 
Eq.(16) shows that 
1qnu  obeys an arithmetical pro-
gression with a tolerance of 43 200ω. 
According to Eq.(11), with a too small value of 
sin u  at the potential zenith pass moment, the value 
of 1ϕ  turns very large meaning there to be a peak 
value of 1ϕ  around about the potential zenith pass 
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moment. With the peak value larger than the allow-
able velocity of the servo mechanism, the antenna 
will be incapable of tracing TDRS resulting in a 
blindness zone. Therefore, the value of sin u should 
be small enough at the potential zenith pass moment 
to get rid of the appearance of the blindness zone. If, 
at each potential zenith pass moment, the user satel-
lite is located in the regions denoted by thick arcs in 
Fig.2, the blindness zone could be removed. 
 
Fig.2  Sketch map for avoidance the blindness zone. 
The region enclosed by thick arcs involves the 
allowable velocity of the servo mechanism. With the 
allowable velocity is equal to 2 (°)/s, β can be cho-
sen up to 60°. Then can be obtained 
3
3,  1,2,3,240
n
nω = = "         (17) 
Because the orbit altitude of the user satellite 
ranges from 200 km to 1 200 km, the anglular orbit 
velocity ranges from 5 858 (°)/d to 4 783 (°)/d. Ac-
cording to Eq.(17), the value of n3 can be 14, 15 or 
16, and the value of ω is 5 040 (°)/d, 5 400 (°)/d or   
5 760 (°)/d, which corresponds the orbit altitudes  
893.8 km, 566.9 km or 274.4 km respectively. 
If the user satellite is at one of the above-men- 
tioned three orbit altitudes, it can be located in the 
thick-arcs-enclosed region of Fig.2 by reasonable 
choice of the values of u0, M0Ω and 0Ω at the 1st 
potential zenith pass moment thereby leading to 
permanent avoidance of the blindness zone. In turn, 
if a reasonable choice of the values of u0, M0Ω and 
0Ω makes the 1st potential zenith pass moment the 
zenith pass moment when the user satellite is at one 
of the orbit altitudes mentioned above, every poten-
tial zenith pass moment will be zenith pass moment. 
5 Zenith Pass Tracing Based on Program
 Guidance 
The basic idea of the program guidance 
method is as follows: in the process of an antenna 
automatically tracking TDRS, before TDRS enters 
the blindness zone, the antenna is moving under the 
program guidance, and after the antenna traverses 
the blindness zone, the antenna resumes its auto-
matic tracking. This method can help the antenna 
catch and track TDRS again as quickly as possible 
after it has lost TDRS thus reducing the blindness 
zone. If the pointing error of the antenna is smaller 
than the allowable tracking error in the process of 
program guidance, TDRS is in the field of the an-
tenna’s radio-frequency sensor throughout. Other-
wise, TDRS will be lost during this period of time. 
The key of the program guidance method is to 
design a proper antenna movement trajectory throu- 
gh the blindness zone. In Ref.[6], a method was 
proposed as follows: firstly, the trajectory of the 
azimuth axis is programmed with the intention of 
making the azimuth error small enough, then the 
trajectory of the elevation axis is calculated by 
( )1 22 1 1
tan
tan
cos
'
'
ϕϕ ϕ ϕ
− ⎡ ⎤= ⎢ ⎥−⎢ ⎥⎣ ⎦
        (18) 
where 1'ϕ  and 2'ϕ  are the azimuth and elevation 
of the antenna under the program guidance respec-
tively. 
In this paper, the azimuth trajectory is designed 
using the trajectory preprocessor arithmetic[8] with 
the known movement laws of the inter-satellite 
linkage. According to the above-mentioned conclu-
sions, the blindness zone should appear at the mo-
ment around about the potential zenith pass moment. 
Therefore, a peak value of the azimuth velocity will 
appear around about the potential zenith pass mo-
ment. When this peak value is larger than the al-
lowable velocity of the servo mechanism, tm, the 
moment when the peak value appears is the middle 
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moment of the blindness zone. This can be con-
firmed by the movement laws of the inter-satellite 
linkage. 
The way to find T, an acquisition time of the 
trajectory preprocessor, is the key to use the trajec-
tory preprocessor. In this paper, the trajectory pre-
processor uses the sinusoidal acceleration pattern to 
make the final position and velocity match against 
the expected values. It could be found that the sign 
of the 1st region of the trajectory preprocessor and 
that of the 3rd region are opposite in this application. 
In such case, can be obtained 
( ) ( )
1 0 1 0 lim
2 2
0 lim f lim
1
2 2
2
T Tt t T
a
ϕ ϕ υ
υ υ υ υ
⎛ ⎞ ⎛ ⎞+ − − = −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
− + −
      (19) 
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             (20) 
The left side of Eq.(19) is the azimuth that has been 
passed during the period of time T around about the 
moment tm, the right side of Eq.(19) is the angle that 
has been passed using the designed trajectory pre-
processor during the period of time T. υlim is the 
allowable angular velocity of the antenna’s servo 
mechanisms, υ0 the initial angular velocity, υf the 
final angular velocity and a1 the angular accelera-
tion of the 1st region.  
The value of T can be obtained by solving 
Eq.(19) and Eq.(20). 
6 Simulations and Analyses 
Let the orbit parameters of the user satellite 
and TDRS at the initial time be: a0 = 6 978 km,       
i0 = 97.79°, e0 = 0.001 3, 0Ω = 225.4°, u0 = 138.1°, 
M0Ω = 328.5°; the azimuth ranges from –180° to 
180° while the elevation from –25° to 90°; υlim = 2 
(°)/s; the field of the antenna’s radio-frequency sen-
sor is 0.4°. 
According to the movement laws of the in-
ter-satellite linkage, the expected rotating laws of 
the azimuth axis and the elevation axis of the user 
satellite antenna during one day can be obtained 
(see Fig.3 and Fig.4). 
 
Fig.3  Curves of the expected azimuth and azimuth veloc-
ity. 
 
Fig.4  Curves of the expected elevation and elevation ve-
locity. 
From Fig.3 and Fig.4, there exist two stations, 
at which the expected azimuth velocity is larger 
than 2 (°)/s in one day meaning there to be two 
blindness zones meantime. According to the move-
ment laws of the inter-satellite linkage, the middle 
moment of the 1st blindness zone is 18 105.9 s and 
that of the 2nd blindness zone 61 671.1 s. 
According to Eq.(19) and Eq.(20), the acquisi-
tion time of the trajectory preprocessor for the two 
blindness zone is 45.015 s and 90.152 s respectively, 
which are rounded up into 46 s and 91 s. Besides, 
υlim = 2 (°)/s and am = 2 (°)/s2. 
The simulations are carried out for two options 
with or without program guidance in two blindness 
zones with the step time 0.01 s. The results are 
shown in Figs.5- 12. 
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Fig.5  Curves of the azimuth for the 1st blindness zone. 
 
Fig.6  Curves of the elevation for the 1st blindness zone. 
 
Fig.7  Curves of the azimuth velocity for the 1st blindness 
zone. 
 
 
Fig.8  Pointing error for the 1st blindness zone with pro-
gram guidance. 
 
Fig.9  Curves of the azimuth for the 2nd blindness zone. 
 
Fig.10  Curves of the elevation for the 2nd blindness zone. 
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Fig.11  Curves of the azimuth velocity for the 2nd blind-
ness zone. 
 
Fig.12  Pointing error for the 2nd blindness zone with pro-
gram guidance. 
Fig.5 and Fig.6 show the azimuth and elevation 
trajectories in the 1st blindness zone for two options 
as the function of time. Fig.7 shows the azimuth 
velocity trajectory in the 1st blindness zone for two 
options as the function of time. It could be found 
that the azimuth velocity of the antenna is smaller 
than 2 (°)/s in the 1st blindness zone under the pro-
gram guidance. Fig.8 shows that the pointing error 
is smaller than 0.4° in the 1st blindness zone. There-
fore, TDRS moves all the time in the field of the 
antenna’s radio-frequency sensor and the 1st blind- 
ness zone has been eliminated completely. 
Fig.9 and Fig.10 show the azimuth and eleva-
tion trajectories in the 2nd blindness zone for two 
options as the function of time. Fig.11 shows the 
azimuth velocity trajectory in the 2nd blindness 
zone for two options as the function of time. It 
could be seen that the azimuth velocity of the an-
tenna is smaller than 2 (°)/s in the 2nd blindness 
zone under the program guidance. Fig.12 shows that 
the pointing error is larger than 0.4° for some length 
of time in the 2nd blindness zone, which implies 
that TDRS is lost during this period. However, the 
2nd blindness zone is shrunk obviously under the 
program guidance, and the antenna is able to catch 
and track TDRS again as quickly as possible after 
moving through the blindness zone. 
7 Conclusions 
There exists a blindness zone when the in-
ter-satellite linkage antenna of the user satellite 
moves to point and acquire TDRS. Defined as a 
moment when the blindness zone appears, the po-
tential zenith pass moment occurs once a half day, 
which means, in the worst situation, a blindness 
zone can appear once a half day. Of the three spe-
cific orbit altitudes in this paper, if the user satellite 
chooses one as its own, the blindness zone may be 
avoided forever, or the zenith pass problem may 
become most serious. 
The program guidance proves to be a kind of 
effective method to deal with the zenith pass prob-
lem of the antenna. In this paper, the azimuth tra-
jectory of the antenna is programmed using the tra-
jectory preprocessor. Then the elevation trajectory 
of the antenna is obtained based on the principle of 
making the pointing error as small as possible. The 
results out of simulations confirm that in some 
situations, using the program guidance method 
could have the zenith pass problem of the antenna 
completely solved, while in other situations, it could 
not though, the blindness zone gets shrunk obvi-
ously with the antenna able to catch and track 
TDRS again as quickly as possible after moving 
through the blindness zone. 
Nevertheless, the program guidance is unable 
to compensate for the tracing error and incapable of 
curbing the jamming. The structural and/or mount-
ing error of the antenna, the measuring error of the 
radio frequency sensor and the controlling error of 
the driving machine—all these will bring influences 
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to bear on the tracing accuracy. Future engineering 
experiments are needed to make an insight into 
these influences. 
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